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In the present paper, we make a detailed study on the doubly heavy baryon photoproduction in the
future e+e− International Linear Collider (ILC). The baryons Ξcc, Ξbc, and Ξbb are produced via the
channel γγ → ΞQQ′ + Q¯′+ Q¯, where Q and Q′ stand for heavy c or b quark, respectively. As for the
ΞQQ′ -baryon production, it shall first generate a (QQ
′)[n]-diquark and then form the final baryon
via fragmentation, where [n] stands for the color- and spin- configurations for the (QQ′)-diquark
states. According to the non-relativistic QCD theory, four diquark configurations shall provide
sizable contributions to the baryon production, e.g., [n] equals [3S1]3¯, [
1S0]6, [
3S1]6, or [
1S0]3¯,
respectively. We adopt the improved helicity amplitude approach for the hard scattering amplitude
to improve the calculation efficiency. Total and differential cross sections of those channels, as well
as the theoretical uncertainties, are presented. We show that sizable amounts of baryon events can
be generated at the ILC, i.e., about 2.0× 106 Ξcc, 2.2× 105 Ξbc, as well as 3.0× 103 Ξbb events are
to be generated in one operation year for
√
S = 500 GeV and L ≃ 1036cm−2s−1.
PACS numbers: 13.66.Bc, 12.38.Bx, 12.39.Jh, 14.20.Lq
I. INTRODUCTION
Many theoretical predictions for the production of dou-
bly heavy baryons ΞQQ′ have been done in Refs.[1–9],
where Q(′) stands for heavy b or c quark, respectively.
For convenience, throughout the paper, we take ΞQQ′ as
a short notation for the baryon ΞQQ′q, with q equals to
the light quark u, d, or s, respectively. Among the dou-
bly heavy baryons Ξcc, Ξbc, and Ξbb, only Ξcc has been
observed by the SELEX fixed-target experiment [10, 11].
However, the SELEX measurements on the Ξcc proper-
ties, such as its decay width and production rate, are
much larger than the theoretical predictions [10–12], even
by including the extrinsic and intrinsic charm production
mechanisms [7]. At present, its observations are also lack
of supports from other experiments [13–15]. Thus, in ad-
dition to the hadronic platforms, it is helpful to find other
platforms which can generate large amounts of baryon
events to study the baryon properties more precisely.
We shall study the doubly heavy baryon photopro-
duction in the future e+e− International Linear Collider
(ILC) within the framework of the non-relativistic QCD
(NRQCD) theory [16]. Within this platform, the doubly
heavy baryons can be produced through the channel via
a single virtual photon or a Z0 boson, e+e− → γ∗/Z0 →
ΞQQ′ +Q¯′+Q¯, or through the photonproduction channel
via the double photon collision, γγ → ΞQQ′ + Q¯′ + Q¯. It
is found that the production cross section for the single
photon/Z0 process shall be highly suppressed [9], which
is about two orders lower than that of the photoproduc-
tion channel. So, in the present paper, we shall concen-
trate on the photoproduction channel.
One can treat the photoproduction of the baryon by
two steps. The first step is for the incident photons com-
ing from the electron and positron beams to produce the
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heavy QQ¯ and Q′Q¯′ pairs. This step is pQCD calcu-
lable and can be treated by using the improved helic-
ity amplitude approach [17]. The second step is that
the heavy quarks Q and Q′ evolving into a binding di-
quark (QQ′) with color- and spin- configuration [n], e.g.,
[n] = [3S1]3¯, [
1S0]6 for (cc) or (bb) diquark and (bc)3¯[
3S1],
(bc)6[
1S0], (bc)3¯[
1S0], and (bc)6[
3S1], respectively. Then,
the diquark (QQ′)[n] shall be hadronized into the doubly
heavy baryons Ξcc, Ξbc, and Ξbb via fragmentation. Sim-
ilar factorization procedures have also been suggested for
dealing with the Λc or Λb baryon production [18].
According to NRQCD, the ΞQQ′ baryon can be ex-
panded over the Fock states,
|ΞQQ′ 〉 = c1(v)|(QQ′)q〉+ c2(v)|(QQ′)qg〉
+c3(v)|(QQ′)qgg〉+ · · · ,
where v is the relative velocity of the constituent heavy
quarks in the baryon rest frame. Usually, it is stated
that all the baryons are dominated by the first Fock state
|(QQ′)q〉, then the emitted gluon from the heavy quark
for (QQ′) in [1S0]6 state must change the spin of the
heavy quark; Thus, the probability coefficient c1(v) shall
dominant over other coefficients, or equivalently, h6 shall
be at least v2-suppressed to h3¯ and can be neglected.
Here h3¯ stands for the probability of transforming the
color antitriplet diquark into the baryon and h6 stands
for the probability of transforming the color sextuplet
diquark into the baryon.
A different power counting rule over v-expansion has
also been suggested in the literature. Ref.[5] suggests
that the second Fock state |(QQ′)qg〉 can be of the same
importance as |(QQ′)q〉 [5]. Its main idea lies in that
one of the heavy quarks can emit a gluon, which does
not need to change the spin of the heavy quark, and this
gluon can further split into a light qq¯ pair; The light
quarks can also emit gluons, and finally, the baryon com-
ponents can be formed with a light quark q plus one or
more soft gluons. Since the light quark can emit gluons
2easily, we have c1(v) ∼ c2(v) ∼ c3(v). As a rough order
estimation, we take the transition probabilities for those
diquark states to form the corresponding baryon to be
the same, i.e., h6 ≃ h3¯. Following this approximation,
we shall find that the color sextuplet diquark compo-
nent can also provide sizable contributions to the baryon
production. It is found that those matrix elements are
overall parameters, and their uncertainties can be con-
veniently discussed when we know their values well. For
convenience, we will adopt the assumption h6 ≃ h3¯ to
do our discussions throughout the paper.
The remaining parts of the paper are organized as fol-
lows. In Sec.II, we present the formulation for dealing
with the photoproduction channel γγ → ΞQQ′ + Q¯′ + Q¯
at the leading-order level. In Sec.III, we give the numer-
ical results. Sec.IV is reserved for a summary.
II. CALCULATION TECHNOLOGY
At the leading order O(α2α2s), within the NRQCD fac-
torization approach, the differential cross section for the
channel γγ → ΞQQ′ + Q¯′ + Q¯ can be formulated as
dσ =
∫
dx1dx2fγ(x1)fγ(x2)
∫
dzDHQQ′(z)×
1
2x1x2S
∑
|M|2dΦ3〈OH(n)〉 , (1)
where 〈OH(n)〉 stands for the long-distance matrix el-
ement, which is proportional to the inclusive transition
probability of the perturbative state, (QQ′)[n] pair into
the heavy baryon ΞQQ′ . M is the hard scattering am-
plitude, which is calculable since the intermediate gluon
should be hard enough to generate a heavy QQ¯ or Q′Q¯′
pair.
∑
means we need to average over the spin states
of the electron and positron and sum over the color and
spin of all final particles. dΦ3 is the conventional three-
body phase space. fγ(x) is the density function of the
incident photon [19, 20].
There are totally 20 Feynman diagrams for the chan-
nel γ(k1) + γ(k2)→ ΞQQ′ (p3) + Q¯′(p4) + Q¯(p5). We put
10 diagrams in Fig. 1, the other 10 Feynman diagrams
can be obtained by exchanging the positions of the ini-
tial photons attached to the quark lines. The fragmenta-
tion function DHQQ′ can be estimated within certain phe-
nomenological models [21–23]. We adopt the following
form suggested by Ref. [21] for our calculation
DHQQ′(z) =
NQQ′
z[1− (1/z)− ǫQQ′/(1− z)]2 , (2)
where ǫcc = (mq/MΞcc)
2ǫb, ǫbc = (mq/MΞbc)
2ǫb, and
ǫbb = (mq/MΞbb)
2ǫb. The light quark mass is chosen
as mq = 0.3 GeV [24]. The parameter ǫb can be fixed
by comparing with the data [25], which is ∼ 0.004 [26].
The normalization factor NQQ′ can be fixed by the nor-
malization condition,
∫
DHQQ′(z)dz = 1, which leads to
Ncc = 0.0084, Nbc = 0.00386, and Nbb = 0.0025 for Ξcc,
Ξbc, and Ξbb, respectively.
The hard scattering amplitudeM =∑20k=1Mk for the
process can be written in a general form as
Mk = Cijl ×Xk ×
∑
s1,s3
u¯s1(p32)Γ1sf (k1,mQ′) · · · sf (kρ−1,mQ′)Γρvs2(p4)
×u¯s3(p31)Γ′1sf (k′1,mQ) · · · sf (k′κ−1,mQ)Γ′κvs4(p5), (3)
where k = (1, . . . , 20), Γ1, . . . ,Γρ and Γ
′
1, . . . ,Γ
′
κ are in-
teraction vertexes, which contain the Dirac-γ matrixes
only. sf (k
(′ )
1 ,mQ(′ )) and the like are fermion propaga-
tors. Xk is the scalar part of the propagators for the
whole amplitude. The momentum of the constituent
quarks are p31 =
mQ
MQQ′
p3 and p32 =
mQ′
MQQ′
p3. Cijl is
the color factor defined as
Cijl = Nc ×
∑
m,n
(T a)im(T
a)jn ×Gmnl, (4)
where the subindices m and n are color indices of the
constituent heavy quarks, and l is the color of the di-
quark. a = 1, . . . , 8 is the color index of the gluon propa-
gator. Nc = 1/
√
2 is the normalization factor. The func-
tion Gmnl equals the antisymmetric εmnl (the symmetric
fmnl) for the color antitriplet 3¯ (the color sextuplet 6) of
(QQ′) diquark. The sum of the anti-symmetric and the
symmetric functions satisfy the following equations
εmnlεm′n′l = δmm′δnn′ − δmn′δnm′ (5)
and
fmnlfm′n′l = δmm′δnn′ + δmn′δnm′ . (6)
With the help of the above relations, we obtain C2ijl = 43
for the color-antitriplet diquark state and C2ijl = 23 for
the color-sextuplet diquark state, respectively.
3γ(k1)
γ(k2)
[QQ′]n(p3)
Q¯′(p4)
Q¯(p5)
(2) (3) (4) (5)(1)
(6) (7) (8) (9) (10)
FIG. 1. Typical Feynman diagrams for the production channel γ(k1) + γ(k2) → ΞQQ′(p3) + Q¯′(p4) + Q¯(p5) at the tree level.
Other ten diagrams can be obtained by exchanging the positions of the initial photons attached to the quark lines.
All the amplitudes Mk with k = (1, . . . , 20) contain
massive quark lines, so it is too complicated and lengthy
by using the conventional trace technique to deal with
the amplitude square. To shorten the calculations and to
make the results more compact, we adopt the improved
helicity amplitude approach [17] to deal with the diffi-
culty of calculating the expressions for the yields when
the quark masses cannot be neglected. It is found that
we can connect the doubly heavy baryon production with
those of doubly heavy quarkonium production. We have
made a detailed discussion on the heavy quarkonium pro-
duction at the ILC under the improved helicity amplitude
approach via the channel γγ → |[QQ¯′](n)〉 + Q′ + Q¯ in
Ref. [27]. To compare with the quarkonium case, by ap-
plying the charge conjugation matrix C = −iγ2γ0 and
the transverse of the matrix element to the amplitude
Mk, we can transform Eq. (3) as
Mk = (−1)ρ+1Cij ×Xk ×
∑
s1,s3
u¯s2(p4)Γρsf (−kρ−1,mQ′) · · · sf (−k1,mQ′)Γ1vs1(p32)
×u¯s3(p31)Γ′1sf (k′1,mQ) · · · sf (k′κ−1,mQ)Γ′κvs4(p5)
= (−1)ρ+1CijXku¯s2(p4)Γρsf (−kρ−1,mQ′) · · · sf (−k1,mQ′)Π(p3)Γ′1sf (k′1,mQ) · · · sf (k′κ−1,mQ)Γ′κvs4(p5), (7)
where ρ stands for the number of the γ-matrixes appear-
ing in the amplitude Mk. The second line is the matrix
element for the heavy quarkonium production, which in-
dicates that the amplitudes for the diquark production
are merely different from those of the heavy quarkonium
case with an overall factor (−1)ρ+1. Thus, inversely,
we can conveniently derive the hard scattering ampli-
tudesMk from Ref. [27] after proper transformation. To
shorten the paper, we will not put the detailed calcu-
lation technology for the baryon production here, the
interesting readers may turn to Ref. [27] for details of
the improved helicity amplitude approach. Here, to de-
rive Eq. (7), we have implicitly applied the relations:
CC−1 = 1 and
vTs (p)C = −u¯s(p), C−1u¯Ts (p) = vs(p),
C−1sTf (k1,mQ)C = sf (−k1,mQ), C−1ΓTnC = −Γn.(8)
III. NUMERICAL RESULTS AND
DISCUSSIONS
As discussed in the Introduction, we adopt h6 ≃ h3¯
to do our discussion. The nonperturbative matrix ele-
ment with color antitriplet diquark, h3¯, can be related to
the Schro¨dinger wave functions at the origin |ψ(QQ¯′)(0)|
as [5]:
h3¯ = 〈OH(1S)〉 ≃ |ψ|(QQ¯′)[1S]〉(0)|2. (9)
Since the spin-splitting effect is small, we do not dis-
tinguish the bound state parameters for the spin-singlet
and the spin-triplet states; i.e., those parameters, such
as the constituent quark masses, the bound state mass,
and the wave function, are taken to be the same for the
spin-singlet and spin-triplet states. We take the wave-
functions at the origin as [3]: |Ψcc(0)|2 = 0.039 GeV3,
|Ψbc(0)|2 = 0.065 GeV3, and |Ψbb(0)|2 = 0.152 GeV3.
The heavy quark masses are taken as: mc = 1.5 GeV
4and mb = 4.9 GeV. The doubly heavy baryon mass is
taken as MΞQQ′ = mQ + mQ′ . The other parameters
are taken as the same as those of Ref. [27], e.g., the
renormalization scale is taken as the transverse mass,
µr = Mt =
√
M2QQ′ + p
2
t . As a cross check of our calcu-
lation, we obtain same numerical results as those derived
from the conventional squared amplitude approach.
250 (GeV) 500 (GeV) 1 (TeV)
(cc)6[
1S0] 39.27 18.45 7.53
(cc)3¯[
3S1] 434.86 183.81 71.92
(bc)3¯[
3S1] 21.81 10.45 4.48
(bc)6[
1S0] 4.81 2.27 0.96
(bc)6[
3S1] 10.91 5.22 2.24
(bc)3¯[
1S0] 9.62 4.53 1.92
(bb)6[
1S0] 0.04 0.02 0.01
(bb)3¯[
3S1] 0.53 0.28 0.13
TABLE I. Total cross sections (in unit: fb) for the photopro-
duction of Ξcc, Ξbc, and Ξbb under various color- and spin-
configurations at the ILC.
Total cross sections for the doubly heavy baryon pho-
toproduction with three collision energies, i.e.,
√
S = 250
GeV, 500 GeV, and 1 TeV, are put in Table I. Summing
up the contributions from different color- and spin- con-
figurations, we find that the total cross sections decrease
with the increment of
√
S, i.e.,
σΞcc |250GeV : σΞcc |500GeV : σΞcc |1TeV ≃ 6 : 3 : 1,
σΞbc |250GeV : σΞbc |500GeV : σΞbc |1TeV ≃ 5 : 2 : 1,
σΞbb |250GeV : σΞbb |500GeV : σΞbb |1TeV ≃ 4 : 2 : 1.
It is noted that the relative importance among differ-
ent color- and spin- configurations for the total cross
sections and the differential distributions are similar un-
der different collision energies. In the following, we take√
S = 500 GeV as the e+e− collision energy.
Under the condition of
√
S = 500 GeV, we obtain
σ(cc)3¯[3S1] : σ(cc)6[1S0] ≃ 10 : 1,
σ(bc)3¯[3S1] : σ(bc)6[1S0] : σ(bc)6[3S1] : σ(bc)3¯[3S1] ≃ 5 : 1 : 2 : 2,
σ(bb)3¯[3S1] : σ(bb)6[1S0] ≃ 14 : 1.
It indicates that the [3S1]3¯ diquark state provides the
dominant contribution, while other configurations may
also provide significant contributions. By summing up
all the possible diquark configurations, we obtain σΞcc =
202.26 fb, σΞbc = 22.47 fb, and σΞbb = 0.3 fb. If the
integrated luminosity is as high as 104 fb−1, we shall have
about 2.0×106 Ξcc, 2.2×105 Ξbc, and 3.0×103 Ξbb events
to be generated through the direct photon collision at
the ILC in an operation year. The Ξcc production rate is
larger than those of Ξbc and Ξbb, i.e., σΞcc : σΞbc : σΞbb =
647 : 75 : 1. Thus, in the following, we shall focus on the
photoproduction of Ξcc and Ξbc.
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FIG. 2. The baryon pt distributions for the process γγ →
ΞQQ′ + Q¯′ + Q¯ at the ILC with
√
S = 500 GeV, where the
production via different (QQ′)[n]-diquark configurations are
presented.
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FIG. 3. The baryon rapidity distributions for the process
γγ → ΞQQ′ + Q¯′ + Q¯ at the ILC with
√
S = 500 GeV, where
the production via different (QQ′)[n]-diquark configurations
are presented.
Fig. 2 shows the baryon transverse momentum (pt) dis-
tributions for the photoproduction of Ξcc and Ξbc. Sim-
ilar to the above conclusion, the [3S1]3¯ configuration for
both Ξcc and Ξbc production provides dominant contribu-
tions over the other configurations in the whole pt region.
We present the rapidity (y) and pseudorapidity (yp) dis-
tributions in Figs. 3 and 4. There is a plateau within
|y| < 4 or |yp| < 4. We present the differential cross
sections dσ/dz in Fig. 5, where z = 2
sˆ
(k1 + k2) · p3 with
sˆ = x1x2S being the invariant mass of the initial pho-
tons of the subprocess. In the subprocess center-of-mass
frame, z is simply twice the fraction of the total energy
carried by the baryon and is experimentally observable.
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FIG. 4. The baryon pseudorapidity distributions for the pro-
cess γγ → ΞQQ′ + Q¯′ + Q¯ at the ILC with
√
S = 500 GeV,
where the production via different (QQ′)[n]-diquark configu-
rations are presented.
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FIG. 5. The differential distributions dσ/dz for the process
γγ → ΞQQ′ + Q¯′ + Q¯ at the ILC with
√
S = 500 GeV, where
the production via different (QQ′)[n]-diquark configurations
are presented.
To be useful references, we present the total cross sections
under various pt or y cuts in Tables II and III.
In the literature, people usually takes a simple assump-
tion by treating the evolution from the diquark to dou-
bly heavy baryon with 100% probability and with equal
importance for all phase-space point; we call it the “di-
rect evolution”. In the present paper, we have adopted
the fragmentation approach with the help of the frag-
mentation function (2) to deal with such evolution; we
call it the “evolution via fragmentation”. In Table IV,
we present a comparison of the total cross sections for
pt-cut 1 GeV 2 GeV 3 GeV
(cc)6[
1S0] 16.11 11.47 7.81
(cc)3¯[
3S1] 159.24 112.44 71.25
(bc)3¯[
3S1] 10.03 8.85 7.35
(bc)6[
1S0] 2.17 1.92 1.60
(bc)6[
3S1] 5.01 4.42 3.67
(bc)3¯[
1S0] 4.34 3.84 3.20
TABLE II. Total cross sections (in units fb) for the photo-
production of Ξcc and Ξbc with
√
S = 500 GeV under various
color- and spin- configurations and various pt cuts.
ycut 1 2 3
(cc)6[
1S0] 5.85 11.53 15.76
(cc)3¯[
3S1] 53.9 105.2 148.1
(bc)3¯[
3S1] 3.76 7.02 9.35
(bc)6[
1S0] 0.85 1.61 2.12
(bc)6[
3S1] 1.88 3.51 4.67
(bc)3¯[
1S0] 1.70 3.22 4.24
TABLE III. Total cross sections (in units fb) for the photo-
production of Ξcc and Ξbc with
√
S = 500 GeV under various
color- and spin- configurations and various rapidity cuts.
the baryon photoproduction at the ILC under those two
treatments. The subscript “d” stands for the “direct evo-
lution”, the subscript “f” stands for the “evolution via
fragmentation”. Table IV shows the discrepancies of to-
tal cross sections for those two treatments are quite small,
i.e., less than ∼ 1%. On the other hand, the differences
for the pt distributions are also very small in the whole
pt region. For example, we put a comparison of the pt
distributions under those two treatments in Fig. 6. We
also present a comparison of the z distributions under
those two treatments in Fig. 7. In those two figures, we
have summed up the contributions from the mentioned
color- and spin- diquark-configurations for convenience.
As for the Ξcc production, it is found that the differential
cross sections for the “evolution via fragmentation” are
slightly larger in small z region, while slightly smaller in
large z region. This result is consistent with the small
σd σf
(cc)6[
1S0] 18.41 18.45
(cc)3¯[
3S1] 184.62 183.81
(bc)3¯[
3S1] 10.49 10.45
(bc)6[
1S0] 2.28 2.27
(bc)6[
3S1] 5.24 5.22
(bc)3¯[
1S0] 4.56 4.53
TABLE IV. Comparison of the total cross sections (in units
fb) for the baryon photoproduction at the ILC with
√
S = 500
GeV. The subscript “d” stands for the “direct evolution”, the
subscript “f” stands for the “evolution via fragmentation”.
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FIG. 6. Comparison of the pt distributions for the photopro-
duction of the Ξcc and Ξbc baryons at the ILC with
√
S = 500
GeV. The superscript “d” stands for the “direct evolution”,
the superscript “f” stands for the “evolution via fragmenta-
tion”.
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FIG. 7. Comparison of the z distributions for the photopro-
duction of the Ξcc and Ξbc baryons at the ILC with
√
S = 500
GeV. The superscript “d” stands for the “direct evolution”,
the superscript “f” stands for the “evolution via fragmenta-
tion”.
differences for the pt distributions under those two treat-
ments. Thus the conventional treatment is viable and
provides a good approximation to deal with the heavy
baryon production. As a sound estimation, we take the
fragmentation approach to do the discussion.
As a final remark, we make a discussion on the theo-
retical uncertainties from the heavy quark masses. For
the purpose, we set mc = 1.50 ± 0.10 GeV and mb =
4.9 ± 0.20 GeV. As shown in Table V, the uncertainties
mc (GeV) 1.4 1.5 1.6
(cc)6[
1S0] 24.68 18.45 13.88
(cc)3¯[
3S1] 245.38 183.81 141.30
(bc)3¯[
3S1] 12.23 10.45 9.08
(bc)6[
1S0] 2.62 2.27 1.98
(bc)6[
3S1] 6.12 5.22 4.54
(bc)3¯[
1S0] 5.24 4.45 3.96
TABLE V. Uncertainties for the total cross sections (in units
fb) by takingmc = 1.5±0.1 GeV.mb = 4.9 GeV and µr =Mt.
mb (GeV) 4.7 4.9 5.1
(bc)3¯[
3S1] 11.37 10.45 9.67
(bc)6[
1S0] 2.46 2.27 2.07
(bc)6[
3S1] 5.68 5.22 4.83
(bc)3¯[
1S0] 4.92 4.53 4.14
TABLE VI. Uncertainties for the total cross sections (in units
fb) by takingmb = 4.9±0.2 GeV.mc = 1.5 GeV and µr =Mt.
for mc = 1.50± 0.10 GeV are
σ(cc)6[1S0] = 18.45
+6.23
−4.57 fb,
σ(cc)3¯[3S1] = 183.81
+61.57
−42.51 fb,
σ(bc)3¯[3S1] = 10.45
+1.78
−1.37 fb,
σ(bc)6[1S0] = 2.27
+0.35
−0.29 fb,
σ(bc)6[3S1] = 5.22
+0.89
−0.68 fb,
σ(bc)3¯[1S0] = 4.53
+0.70
−0.58 fb. (10)
Similarly, as shown in Table VI, the uncertainties caused
by the b-quark mass mb = 4.9± 0.20 GeV are
σ(bc)3¯[3S1] = 10.45
+0.92
−0.78 fb,
σ(bc)6[1S0] = 2.27
+0.19
−0.20 fb,
σ(bc)6[3S1] = 5.22
+0.46
−0.39 fb,
σ(bc)3¯[1S0] = 4.53
+0.38
−0.40 fb. (11)
We take three scales µr = Mt,
√
sˆ/2, and
√
sˆ for es-
timating the scale uncertainties. Numerical results are
µr
√
sˆ
√
sˆ/2 Mt
(cc)6[
1S0] 11.29 12.87 18.45
(cc)3¯[
3S1] 117.67 135.53 183.81
(bc)3¯[
3S1] 7.67 8.64 10.45
(bc)6[
1S0] 1.68 1.88 2.27
(bc)6[
3S1] 3.83 4.32 5.22
(bc)3¯[
1S0] 3.36 3.76 4.53
TABLE VII. Total cross sections (in units fb) for the heavy
quarkonium photoproduction under the improved conven-
tional renormalization scale setting for three scale choices
µr =
√
sˆ,
√
sˆ/2, and Mt.
√
S = 500 GeV.
7shown in Table VII, which indicates that the scale uncer-
tainties are ∼ 36% for Ξcc and ∼ 26% for Ξbc. Here we
have adopted the improved way as suggested by Ref. [29]
to analyze the scale uncertainty.
IV. SUMMARY
We have investigated the photoproduction of the dou-
bly heavy baryons at the ILC within NRQCD. The im-
proved helicity amplitude approach has been adopted to
improve the calculation efficiency. By taking the as-
sumption, h6 ≃ h3¯, we observe that the channel via
the intermediate [3S1]3¯ diquark state provides the dom-
inant contribution, while other configurations may also
provide significant contributions. Total and differential
cross sections, together with their theoretical uncertain-
ties, have been presented. By taking the errors from
the heavy quark masses into consideration, we shall have
(
2.0+0.68−0.47
) × 106 Ξcc and (2.2+0.37−0.29) × 105 Ξbc events
to be produced in one operation year at the ILC with√
S = 500 GeV and L ≃ 1036cm−2s−1. Thus, the ILC
would provide another good platform for studying ΞQQ′ -
baryon properties.
As a final remark, we discuss the possibility of dis-
tinguishing the baryon with different light constituent
quark. As suggested by PYTHIA [30], the relative prob-
ability for various doubly heavy baryons is σΞQQ′u :
σΞQQ′d : σΞQQ′s = 10 : 10 : 3. Then, for the produced
Ξcc events, one expects 43% to be Ξ
++
cc , 43% to be Ξ
+
cc,
and 14% to be Ω+cc. The same situation occurs for the
production of Ξ0bb, Ξ
−
bb, Ω
−
bb, and Ξ
+
bc, Ξ
0
bc, Ω
0
bc.
Acknowledgement: This work was supported in
part by the Fundamental Research Funds for the Cen-
tral Universities under Grant No.CQDXWL-2012-Z002
and by the Natural Science Foundation of China under
Grant No.11275280.
[1] A.F. Falk, M. Luke, M.J. Savage, and M.B. Wise, Phys.
Rev. D 49, 555 (1994).
[2] V.V. Kiselev, A.K. Likhoded, and M.V. Shevlyagin,
Phys. Lett. B 332, 411 (1994).
[3] S.P. Baranov, Phys. Rev. D 54, 3228 (1996).
[4] A.V. Berezhnoy, V.V. Kiselev, A.K. Likhoded, and A.I.
Onishchenko, Phys. Rev. D 57, 4385 (1998).
[5] J.P. Ma and Z.G. Si, Phys. Lett. B 568, 135 (2003).
[6] S.Y. Li and Z.G. Si, and Z.J. Yang, Phys. Lett. B 648,
284 (2007).
[7] C.H. Chang, C.F. Qiao, J.X. Wang, X.G. Wu, Phys.
Rev. D 73, 094022, (2006); C.H. Chang, J.P. Ma, C.F.
Qiao, X.G. Wu, J. Phys. G 34, 845 (2007); C.H. Chang,
J.X. Wang, X.G. Wu, Comput. Phys. Commun. 177,
467 (2007); C.H. Chang, J.X. Wang, X.G. Wu, Comput.
Phys. Commun. 181, 1144 (2010).
[8] J.W. Zhang, X.G. Wu, T. Zhong, Y.Yu, Z.Y. Fang, Phys.
Rev. D 83, 034026 (2011); G. Chen, X.G. Wu, J.W.
Zhang, H.Y. Han, and H.B. Fu, Phys. Rev. D 89, 074020
(2014).
[9] J. Jiang, X.G. Wu, Q.L. Liao, X.C. Zheng, and Z.Y.
Fang, Phys. Rev. D 86, 054021 (2012); J. Jiang, X.G.
Wu, S.M. Wang, J.W. Zhang, and Z.Y. Fang, Phys. Rev.
D 87, 054027 (2013).
[10] M. Mattson et al., SELEX Collaboration, Phys. Rev.
Lett. 89, 112001 (2002).
[11] A. Ocherashvili et al., SELEX Collaboration, hep-
ex/0406033.
[12] V.V. Kiselev and A.K. Likhoded, hep-ph/0208231.
[13] A. Bharucha et al., LHCb Collaboration, Eur. Phys. J.
C 73, 2373 (2013).
[14] R. Aaij et al., LHCb Collaboration, JHEP 1312, 090
(2013).
[15] Y. Kato et al., Belle Collaboration, Phys. Rev. D 89,
052003 (2014).
[16] G.T. Bodwin, E. Braaten, and G.P. Lepage, Phys. Rev.
D 51, 1125 (1995); 55, 5853(E) (1997).
[17] C.H. Chang, C. Driouichi, P. Eerola, and X.G. Wu, Com-
put. Phys. Commun. 159, 192 (2004).
[18] E.Braaten, M. Kusunoki, Y. Jia, and T. Mehen, Phys.
Rev. D 70, 054021 (2004); W.K. Lai and A.K. Leibovich,
arXiv:1410.2091.
[19] I.F. Ginzburg, G.L. Kotkin, V.G. Serbo, and V.I. Telnov,
Nucl. Instrum. Methods Phys. Res. 205, 47 (1983).
[20] V.I. Telnov, Nucl. Instrum. Methods Phys. Res., Sect. A
294, 72 (1990).
[21] C. Peterson, D. Schlatter, I. Schmitt, and P.M. Zerwas,
Phys. Rev. D 27, 105 (1983).
[22] V.G. Kartvelishvili, A.K. Likhoded, and V.A. Petrov,
Phys. Lett. B 78, 615 (1978); M.G. Bowler, Z. Phys.
C 11, 169 (1981); P. Collins and T. Spiller, J. Phys. G
11, 1289 (1985); G. Colangelo and P. Nason, Phys. Lett.
B 285, 167 (1992); E. Braaten, K. Cheung, S. Fleming,
and T.C. Yuan, Phys. Rev. D 51, 4819 (1995).
[23] S. Fleming, A.K. Leibovich, T. Mehen, and I.Z. Roth-
stein, Phys. Rev. D 86, 094021 (2012); S. Fleming, A.K.
Leibovich, T. Mehen, and I.Z. Rothstein, Phys. Rev. D
87, 074022 (2013); Y.Q. Ma, J.W. Qiu, and H. Zhang,
Phys. Rev. D 89, 094029 (2014); Y.Q. Ma, J.W. Qiu, and
H. Zhang, Phys. Rev. D 89, 094030 (2014); Z.B. Kang,
Y.Q. Ma, J.W. Qiu, and G. Sterman, Phys. Rev. D 90,
034006 (2014); Y.Q. Ma, J.W. Qiu, G.Sterman, and H.
Zhang, Phys. Rev. Lett. 113, 142002 (2014).
[24] A.V. Berezhnoy, V.V. Kiselev, A.K. Likhoded, and A.I.
Onishchenko, Phys. Rev. D 57, 4385 (1998).
[25] K. Abe, et al., SLD Collaboration, Phys. Rev. D 65,
092006 (2002); J. Abdallah, et al., DELPHI Collabora-
tion, hep-ex:0311005; K. Abe, et al., SLD Collaboration,
Phys. Rev. D 53, 1023 (1996); A. Heister, et al., ALEPH
Collaboration, Phys. Lett. B 512, 30 (2001); G. Abbi-
endi, et al., OPAL Collaboration, hep-ex:0210031.
[26] Y.Q. Chen and S.Z. Wu, Phys. Lett. B 705, 93 (2011).
[27] G. Chen, X.G. Wu, H.B. Fu, H.Y. Han, and Z. Sun, Phys.
Rev. D 90, 034004 (2014).
[28] A. Petrelli, M. Cacciari, M. Greco, F. Maltoni, and M.
L. Mangano, Nucl. Phys. B 514, 245 (1998).
8[29] S.Q. Wang, X.G. Wu, X.C. Zheng, J.M. Shen, and Q.L.
Zhang, Nucl. Phys. B 876, 731 (2013); X.C. Zheng, X.G.
Wu, S.Q. Wang, J.M. Shen, and Q. L. Zhang, J. High
Energy Phys. 10, 117 (2013).
[30] T. Sjostrand, S. Mrenna, and P. Skands, J. High Energy
Phys. 05, 026, (2006).
